Biomedical devices currently in use (prostheses, implants) have satisfactory performance in many cases. However, sometimes the body reacts to the device insertion and may lead to its rapid replacement. Some of these disadvantages can be solved by the use of titanium and its alloys, due to their excellent combination of corrosion resistance, wear resistance and biocompatibility compared to other competing biomaterials. This paper presents the possibility of obtaining near beta titanium alloy with ultrafine grains produced by severe plastic deformation. For this, the Ti-13Nb-13Zr alloy was processed by high-pressure torsion processing method. Samples were processed with different loads and number of turns. After characterization, it was observed that after applying three turns, a load of 1GPa produces more Ti-beta phase than a load of 6 GPa. However, as expected, the larger the load, the higher the refinement.
Introduction
For several decades, metallic biomaterials have been used extensively for surgical implants due to their good formability, high strength, and resistance to fracture 1 . In addition to the mechanical stability under physiological stresses and strains, implant materials should be able to perform with an appropriate host response in a specific situation 2 . The key for understanding biocompatibility is the determination of which (and why) chemical, biochemical, physiological, physical or other mechanisms become operative under highly specific conditions associated with contact between biomaterials and the tissues of the body, and what are the consequences of these interactions 3 . The use of Titanium and its alloys as biomaterial is increasing because of its low modulus of elasticity (twice as low as Co-Cr alloys or stainless steels), which results in less stress shielding and bone resorption associated with implants 2 . Commercially pure titanium (CPTi) and many of the α + β-type Ti-based alloys, including the most commercially available Ti-6Al-4V alloy, were designed for structural use in the aerospace industry 4 . Later they were used in biomedical applications. The toxicity of the vanadium, a strong stabilizer of the β phase, has been demonstrated. Thus, V has been replaced by other β-stabilizing elements, such as Fe or Nb [5] [6] [7] . The β-rich Ti-13Nb-13Zr alloy is an alternative with great possibilities for biomedical applications due to its mechanical resistance and low modulus of elasticity, besides having highly biocompatible alloying elements such as niobium (Nb) and zirconium (Zr) 8 . Nanostructured materials have potential application in the biomedical area since they seem to present a better cellular response, making these materials an important focus for the application as biomaterials. The most promising approach for producing nanostructured materials is to refine coarse-grained metal through severe plastic deformation (SPD). Processes of SPD may be defined as metal forming processes in which an ultra-large plastic strain is introduced into a bulk metal in order to create ultra-fine grained metals [9] [10] [11] . The most developed SPD techniques are equal channel angular pressing (ECAP) and high-pressure torsion (HPT)
.
During HPT processing, a disk-shaped sample is positioned between two anvils that apply a compression pressure of several gigapascals at room temperature, simultaneously to a torsional deformation which is imposed through rotation of the lower support 13 .
The present study intended to analyze the microstructure and microhardness of the Ti-13Nb-13Zr alloy that underwent severe plastic deformation through the HPT technique. Samples were structurally characterized by X-ray diffraction (XRD) and microstructurally by scanning (SEM) and transmission (TEM) electron microscopy. Mechanical properties were evaluated through hardness tests, whose results were discussed as a function of the microstructural evolution. 
Experimental

Methods
The material used in this study was the biomedical β-rich Ti-13Nb-13Zr alloy (ERCATA GmbH, Development Co., Ltd., Germany). The chemical analysis of the alloy is shown in Table 1 .
The alloy was heat-treated at 750•C for 1 hour followed by furnace cooling, producing an initial coarse-grained microstructure with an (α+β) structure (see Figure 1) .
The HPT process was performed on polished disks with a diameter of 7.0 mm and a thickness of about 0.65 mm. The processing was performed at room temperature. Disks were processed under pressures of 1.0, 4.5 and 6.0 GPa. Three turns were applied using a rotation speed of 3 rpm.
Scanning electron microscopy (SEM) using a Phillips XL 30 FEG and an FEI Inspect S50 model and optical microscopy (OM) using a ZEISS Imager A1.m were used to investigate the microstructure.
Conventional transmission microscopy and Orientationphase mapping were accomplished by transmission electron microscopy (TEM) using an FEI TECNAI G2 operated at 200 KV. This facility is equipped with an orientation and phase mapping precession unit NanoMEGAS (model ASTAR) and with a Digistar P1000 unit. The recently developed technique based on transmission electron microscopy, called ASTAR, makes use of electron-beam (in precession mode or not) together with spot diffraction pattern recognition, offering the opportunity to perform Automated Crystal Orientation Mapping (ACOM) in micro-or nanoprobe mode. ACOM-TEM opens the opportunity of acquiring reliable orientation/phase maps with a spatial resolution that can go down to the nm range. In short, the ACOM-TEM consists in scanning the electron beam (in precession or not) in the nanoprobe mode on a specimen area, thus collecting, by a CCD cam, thousands of electron diffraction spot patterns to be subsequently indexed automatically through a template matching. In fact, and very important, ACOM-TEM closes the gap between EBSD in SEM and bright field (BF)/dark field (DF) in TEM by providing full orientation maps with nanometer resolution and even materials severely plastic deformed (SPD), e.g., by ECAP or HPT, can be reliably analyzed. When SPD is performed, problems can arise when observations by EBSD are carried out, because of the Kikuchi lines, used by any EBSD system or in the TEM, are very sensitive to the crystal orientation, and they rapidly disappear if the diffracting volume suffers distortions induced by high dislocation densities 14 . Samples for OM and SEM were ground in a multistep process using SiC abrasive paper (320,400, 600, 800, 1200 and 2000 grit). After grinding, the Keller's reagent was used to etch the samples (1.5ml hydrochloric acid, 1 ml hydrofluoric acid, 2.5 ml nitric acid and 95ml distilled water).
TEM samples were thinned down to 10 µm by a Gatan Dimple Grinder (model 656) using diamond polishing paste and alumina suspension. The final stage of sample preparation was ion milling using a Gatan Precision Ion Polishing System (model 691) under conditions in which damage is avoided in the structure during thinning (2.5 keV at the initial stage of polishing and 1.6 keV at the final stage).
Phase identification was conducted by X-ray diffraction using a Rigaku ME210GF2 apparatus with Cu Kα radiation and scanning speed of 2°/min from 30° to 90°.
Vickers microhardness (mHV) was performed using the Stiefelmayer microdurometer by applying a load of 300 g during 15 s. Microhardness mapping was performed along the radius from the center to edge at different radial directions. 
Results and Discussion
Microstructural observations
OM and SEM micrographs are presented in Figure 2 for samples processed in three different pressures after three turns. Figures 2a and 2d (1 GPa) show a microstructure consisted by the needle-like α embedded in β grains. Increasing the pressure to 4.5 GPa during processing through HPT the α-laths bend due to the high strain (Figures 2b and 2e ). After applying 6 GPa, the microstructure shows mostly globular α phase (Figures 2c and 2f) 
.
Figures 3a (1 GPa), 3d (4.5 GPa) and 3g (6 GPa) show bright field TEM images taken at the longitudinal section of the processed Ti-13Nb-13Zr alloy. In these images, it is possible to observe a clear evidence for a multimodal distribution of grains. Measurements gave average grain/subgrain sizes of ~500 nm, ~200 nm, and ~20 nm, respectively for 1 GPa, 4.5 GPa, and 6 GPa. In addition, Figure 3 shows evidence that there are still large numbers of dislocations within the grains, meaning that samples are not totally recrystallized.
Orientation mappings were performed using TEM in the same regions of the alloy as shown in Figures 3a, 3d and 3g and the mappings are shown in Figures 3b, 3e and 3h, respectively for 1 GPa, 4.5 GPa and 6 GPa. These mappings are similar to the ones obtained by using electron backscatter diffraction (EBSD) in scanning electron microscopy (SEM) with the exception of that they have a higher resolution so that they can be used with nanometric sizes, providing the capability for performing the analysis in heavily deformed samples, a big issue for EBSD 14 , as after processing by HPT.
Aiming a comparison, Figures 3b, 3e , and 3h are presenting equivalent bright field images obtained by regular TEM for the longitudinal section of the Ti-13Nb-13Zr alloy. These images show an inhomogeneous distribution of grains/subgrains. It is worth noting that, albeit these images have been taken in the same regions as in Figures  3a, 3d, and 3g , the sets of images are not identical because of Figures 3b, 3e , and 3h were taken already with orientation information and promptly differentiate between boundaries and sub-boundaries. Misorientation angles of boundaries were indexed, and Figures 3b, 3e , and 3h show high-angle boundaries (blue) with misorientation angles equal to or greater than 15º and low-angle grain boundaries (red) having misorientation angles less than 15º. High-angle boundaries are related to the presence of new grains and low-angle boundaries to sub-grains. Table 2 summarizes all the features observed in the OIM and phase analyses, where, after indexing the colors of boundaries, one can see that the high-loaded samples contain ~76.8% of high-angle boundaries on average, and sample processed at 1 GPa reached the maximum amount (84.6%) or, in other words, it reached a more recrystallized stated than the samples processed using higher loads. This analysis, in fact, confirms the observations from Figures 3a, 3d, and 3g concerning the amount of deformation still present in the samples. In fact, recent studies regarding ultrafine Figure 2. OM (a, b, c) and SEM (d, e, f) grained materials (UFG) explain that Non-equilibrium grain boundaries exist in UFG materials, and these specific grain boundaries possess an increased free energy density, increased width, high density of dislocations (full or partial) associated with the near-boundary region and correspondingly large residual microstrain 16 . Distributions of grain size are presented in Figure 4 for the processed samples in the longitudinal section. The distributions confirm the observation from Bright Field TEM images regarding multimodality of grain sizes, which is expected in the initial stages (3 turns) of the HPT processing. The measured average grain sizes were ~497 nm, 126.3 nm, and 15.25 nm, respectively for 1 GPa, 4.5 GPa, and 6 GPa. These values are similar to the ones obtained from analysis of the BF-TEM images in Figures 3a, 3d, and 3g .
Mappings of phases are presented in Figures 3c, 3f , and 3i, respectively for 1 GPa, 4.5 GPa and 6 GPa. Table 3 summarizes phases present in each condition as well as their fractions. Figure 3(c) shows the presence of only α phase (yellow color) and β phase (blue color), the proportions of these phases are: 24.7% for α phase and 75.3 % for β phase. When increasing the pressure, there are changes in both the kind and distribution of phases. When the load is increased to 4.5 GPa (Figure 3f ) there is an increase of α phase (yellow color) from 24.7% (1 GPa) to 40, 5% (4.5 GPa), β phase (blue color) has a decrease from 75.3% to 42.1% and the ω phase (red color) starts to appear with a fraction of 17.4%. With the highest pressure of 6 GPa (Figure 3f ), the phases are better distributed along the sample volume, and there is a slightly decrease of the α phase (yellow color) from 40.5% (4.5 GPa) to 36.5% (6 GPa), β phase is kept at a stable value (blue color), and the ω phase (red color) is increased from 17.4% to 21.1%. This formation is consistent with previous studies reporting on the transformation from α phase to ω phase at pressures changing from 2.9 to 11 GPa 17 . In fact, the presence of ω phase can be explained in two ways, firstly it is a high-pressure phase, and secondly, it is an intermediate phase regarding the transformation sequence of α into β or β into α.
Microhardness measurements
Microhardness in Ti-13Nb-13Zr alloy as a function of the distance from the center of the disk-shaped samples after of 3 turns for different pressures are plotted in Figures 5a, 5b, 5c, and 5d, respectively for the initial condition, 1 GPa, 4.5 GPa, and 6 GPa. As one can observe, the microhardness increases with the increase of the pressure, which is related to the decreasing grain size. As it can be seen in Figure 5d , the microhardness value of Ti-13Nb -13Zr increases significantly for the pressure of 6 GPa (from 223 HV at the initial state to 412 HV). This analysis is in accordance with the study of Wang and Langdon 18 . Microhardness measurements have confirmed that the hardness increases with the distance from the center of the disc to the edge because, as the processing is torsional, the deformation decreases from the edge to the center, thus leading to smaller grains in the edge than in the center. 
Characterization by X-ray diffraction
X-ray diffraction profiles were recorded for the starting material as well as for the HPT-processed samples using Cu-Kα radiation. The constituent phases were identified from XRD patterns, as shown in Figure 6 . The XRD profiles revealed Bragg-peaks corresponding to only α and β phases in the initial condition and for the pressure of 1 GPa. The peak for ω phase appears for pressures of 4.5 GPa and 6 GPa, confirming the above observations using OIM information and, as also commented, the already observed same behavior in the literature 17 . Figure 6 . XRD patterns corresponding to samples processed by HPT.
Conclusions
The following conclusions can be drawn from the present study:
• Ti-13Nb-13Zr alloy subjected to the HPT process resulted in considerable grain refinement, where the grains are smaller than 1 micron which places this material in the ultrafine grain category; • There is a considerable increase in hardness, due to the great grain refinement and the partial transformation of the alpha phase to the omega phase; • The alpha phase transformation to the omega phase is increased for pressures of 4.5 GPa and 6 GPa in the HPT process.
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